[1] Scales of spatial variability of black carbon (BC) aerosol plumes are quantified during the HIPPO aircraft campaign, which flew multiple missions from pole-to-pole over the Pacific ocean. During the first three missions of HIPPO, over 400 vertical profiles of BC concentrations were obtained using a Single Particle Soot Photometer (SP2). In this work, a total of 100 plumes are identified and analyzed. Due to the nature of the HIPPO flight track, the plume length scale is defined along the slanted flight track, having both vertical and horizontal components. These plumes comprise 57% of the total BC mass measured and have a median scale of 113 km. An analysis of BC variability based on autocorrelation functions confirms that most of BC's variability exists on scales similar to the majority of measured plume scales, with a range of 85-155 km. The plume scales are compared to an effective along-track global circulation model (GCM) resolution, which ranges from 20 km for low altitudes and steep ascents to 230 km for high altitudes and shallower ascents. The results suggest that plumes characterized predominantly by their horizontal variation at these scales are too small to be captured by GCMs running at resolutions currently suitable for climate simulations.
Introduction
[2] Black carbon (BC) is the major anthropogenic aerosol absorber of solar radiation. Model simulations have shown that, on average, BC absorption reduces anthropogenic aerosol top-of-atmosphere negative radiative forcing by 60% [Schulz et al., 2006] . BC can also affect the Earth's radiation balance through a number of complex interactions with clouds and the Earth's surface, making its total effect highly uncertain [Ramanathan and Carmichael, 2008] .
[3] Prediction of BC's effect on climate depends on the ability of global circulation models (GCM) to simulate its atmospheric concentrations and microphysical properties. However, models show large discrepancies (by factors of 2-4) in BC concentrations when compared to observations [e.g., Koch et al., 2009; Wang et al., 2011; Bauer et al., 2010] . Uncertainties in model simulations can arise from the nonuniform distribution of sources and sinks, short residence times, and the multi-scale nature of interactions between BC, clouds, and atmospheric dynamics -many of which occur on scales smaller than a typical global model grid-box. Past research suggests that discrepancies between aerosol modeling schemes and observations may be attributed to these sub-grid spatial variations [e.g., Gustafson et al., 2011; Wang et al., 2011; Benkovitz and Schwartz, 1997] .
[4] Previous attempts to quantify scales of variability of aerosols have focused on variability of aerosol radiative properties. Anderson et al. [2003] used autocorrelation functions of a number of observational datasets to assess the temporal and spatial variability of aerosol optical properties. These showed that most of the variation in aerosol properties existed on spatial scales of 40-160 km. Analysis of spatial variability of AOD data measured by aircraft campaigns demonstrated that variations in AOD measurements can be as large as 50-70%, but more typically 25-50%, over horizontal distances of 50 km [Redemann et al., 2005] . Other studies with similar results suggest that aerosol optical properties exhibit spatio-temporal variability at scales smaller than model grid-boxes [Targino et al., 2005; Ram and Sarin, 2009] . Studies assessing specifically BC scales of variability are scarce; however, a small number have looked at correlations between BC measurements made at nearby sites in populated cities and found BC concentrations to be weakly correlated between sites, suggesting a high degree of spatial variability at neighborhood scales [Venkatachari et al., 2006; Thornhill et al., 2008; Snyder et al., 2010] .
[5] This work uses measurements of BC mass from a recent aircraft campaign, HIAPER Pole-to-Pole Observations (HIPPO) [Schwarz et al., 2010b] , to quantify the scales of variability of BC plumes. The HIPPO flight track spans thousands of kilometers with nearly continuous vertical profiling in order to provide substantial latitudinal and vertical coverage of BC in the troposphere. This unique dataset allows us to characterize the spatial scales of typical BC plumes in a large region of the globe.
Methods

Aircraft Measurements
[6] The measurements included in the analysis were taken on board the NSF/NCAR GV [hippo.ucar.edu] aircraft during the first three missions of the HIPPO campaign (subsequently referred to as HIPPO1, HIPPO2, and HIPPO3). [7] BC measurements were made with a Single-Particle Soot Photometer (SP2) [Schwarz et al., 2010b] . The SP2 provides highly sensitive measurements of BC mass and mixing state of individual BC-containing particles. Recent inter-comparisons of instruments measuring BC content of soot aerosol have shown that SP2 measurements of BC mass in individual aerosol particles are independent of particle mixing state and morphology [Cross et al., 2010] . The SP2 data is collected on a per-particle basis so that a particle's mass is recorded each time a particle is detected. For the current analysis, BC mass measurements are averaged over one-second time intervals and converted to a mass mixing ratio (MMR) in ng of BC per kg of dry air with a net uncertainty estimated at 30% in accumulation mode BC mass. Because our interest lies in the spatial scales of BC plumes, the one-second time data is converted to spatial units using the aircraft's true airspeed at each time step so that the BC MMR is described as a function of 'distance along the flight track' with 1-second resolution.
Plume Identification
[8] To facilitate the identification of major plume structures, the data from each HIPPO flight was smoothed by the regularization method. The concept behind smoothing by regularization is to balance a 'goodness-of-fit' term with the 'roughness' of the approximation using a smoothing parameter. The smoothing parameter is optimized by the generalized cross-validation [cf. Stickel, 2010] . Comparison of the power spectral density functions of the smoothed and unsmoothed data shows they diverge at scales less than 10 km. The smoothing therefore imposes a lower bound of 10 km on the identified plumes scales; however, this lower bound does not have a significant impact on the results.
[9] In the context of this analysis, a plume is defined as an occurrence of elevated mass mixing ratio above the background level. Based on this premise, a simple algorithm for plume identification was developed. In the first step, local maxima and minima present in the data are identified. A threshold MMR level for a plume is defined. All maxima above this level are considered plume peaks, and the scale of the plume is quantified by the distance between the two local minima on either side of the peak. Any overlapping plumes are merged into one larger plume. The threshold MMR is used so that only peaks above the background noise level are identified as plumes. As a rough measure of the noise, the threshold MMR level for each mission is set to the standard deviation of BC MMR from that mission, corresponding to values of 13, 11, and 41 ng/kg-air for HIPPO1, HIPPO2, and HIPPO3, respectively. The sensitivity of the plume identification algorithm to the value of the threshold was tested by varying the value from 5 to 50 ng/kg-air for each campaign. The average scale of the identified plumes was found to vary only by 16, 10, and 8% for HIPPO1, HIPPO2, and HIPPO3, respectively.
[10] Because the HIPPO campaign consists of a series of slant vertical profiles, our capability of separating the plume scales into their horizontal and vertical components is limited. As such, the plume scale in this analysis is a 'scale along the (slanted) flight track' rather than a horizontal or vertical scale.
Results and Discussion
Plume Statistics
[11] A total of 112 BC plumes were identified during the campaign. Twelve plumes were located at altitudes less than 2 km and were likely the result of sampling polluted boundary layer air. These plumes are not demonstrative of BC plume scales and are not included in the analysis, leaving a total of 100 plumes. Table 1 provides a summary of the plume statistics from each mission. The plumes encompass a large spread of scales, ranging from 34 km to 648 km, with a median of 113 km. HIPPO1 contains roughly half the number of plumes as HIPPO2 and HIPPO3, and the median plume scale is 20% smaller than HIPPO2 and HIPPO3. This could be due to seasonal, rainfall, source and transport differences between missions. Also note that 57% of the total BC mass from the campaign is found within the identified plumes, highlighting the important contribution of plumes to total BC present in the atmosphere.
[12] Another issue to consider is if BC plumes were distributed in thin vertical layers with continuous horizontal extent, then this analysis method would detect those layers as a series of plumes where the analyzed spatial scale was set by the thickness of the layers and the ratio of the vertical and horizontal speeds. The impact of this artefact is likely small since the majority of plumes were identified during different flights legs and non-consecutive vertical profiles with a variety of peak concentrations and altitudes; however, it could potentially affect some of the identified plume scales and is an acknowledged limitation of the analysis.
Spatial Distribution of Plumes
[13] Figure 1 shows the locations of the identified plumes. The majority of plumes are located in the Northern Hemisphere in areas over the Pacific Ocean, North Pole and North America, with relatively few plumes in the Southern Hemisphere. This is likely primarily due to the relative lack of BC sources contributing to loadings in the South Pacific Ocean.
[14] Extensive research in pollution transport to the Arctic region has shown that Arctic air masses can be influenced by long-range transport from biomass-burning and anthropogenic source regions at lower latitudes, especially in winter and early spring [Stohl, 2006] . Arctic plumes may also arise from injection of BC into the troposphere near its source by local biomass burning events, as was the case for plumes detected during the ARCPAC campaign [Warneke et al., 2009; Koch et al., 2009] , which sampled BC plumes in the Alaskan Arctic region in April 2008. These types of sources could have similarly contributed to the presence of the HIPPO Arctic plumes. The large number of HIPPO plumes identified in the North Pacific region are also likely due to similar transport mechanisms. Holzer et al. [2005] showed that significant amounts of East Asian air are transported across the Pacific Ocean, particularly from March to August. [15] The side panels of Figure 1 show that most regions contain plumes with a wide range of different scales spanning altitudes from 1 to 13 km. While no distinct pattern is present, the majority of plumes were detected in the midtroposphere. The different sources and transport mechanisms of BC in these regions contribute to the wide range of observed plume scales. Midlatitude synoptic low pressure systems can carry biomass burning plumes from Asia and Eastern Europe over the Pacific Ocean, and these plumes can be sheared horizontally into fine-scale filaments and layers as they exit the cyclonic systems. These layers have been observed in the free troposphere in both Arctic and Pacific regions in previous observational campaigns [Brock et al., 2011; Liu et al., 2003] . This mechanism may contribute to the large number of small-scale HIPPO plumes observed at mid-tropospheric altitudes.
Plume Composite
[16] To gain a better understanding of the general characteristics and overall shape of BC plumes, a composite of all plumes is produced by re-gridding the distance along the flight track to distance from plume peak at 0.5 km equal spacing. The composite is then created by determining the median MMR at each 0.5 km interval away from the plume peak. The blue line in Figure 2 depicts the composite of all 100 identified plumes, and the top panel indicates the number of plumes averaged in each 0.5 km bin. Only bins with 20 or more plumes are included in the composite. The plume composite has a clear Gaussian shape, so to quantify its scale, a Gaussian function is fit to the composite peak according to Levenberg-Marquardt least-squares minimization (code developed by Adam Ginsburg, code.google.com/ p/agpy/). The scale of the composite plume is approximated to six times the standard deviation of the Gaussian, which encompasses 99.7% of the area under the curve. The Gaussian has a standard deviation of 13 km, and so the scale of the composite plume is approximately 80 km. The composite structure was insensitive to the disparate peak values of the various plumes; normalization of the plumes before compositing did not affect this result. The scale of the composite plume is considerably less than the value of the median plume scale (113 km); however, this is because the composite is more representative of smaller scale plumes. This is visible in Figure 2 , which includes the re-gridded HIPPO plumes, centred at their peak. One can see, as the distance from the peak increases, most of the plumes drop off at distances less than 100 km from the peak until only the broader, less Gaussian plumes remain. Because the composite only includes bins with 20 or more plumes, the shape and scale of the composite reflect the high number of small-scale plumes. 
Comparison to Effective Model Resolution
[17] Because the identified plume scales have both horizontal and vertical components, comparing these scales to a GCM's horizontal resolution is an inaccurate way of quantifying a model's ability to resolve these plumes, since this disregards the GCM's vertical resolution. In order to make an accurate comparison between the HIPPO plume scales and typical GCM resolutions, we define an approximate 'effective model resolution', which takes into account the flight track geometry of the HIPPO campaign and the vertical resolution of the model. A typical modern GCM for use in climate modelling has a horizontal grid spacing of 1-2 (100-200 km at the equator) and a vertical grid spacing in the range of a few hundred meters up to a kilometer (at altitudes in the range of the identified plumes). To calculate an 'effective model resolution' we use the slope of each vertical profile from HIPPO and the height of a typical tropospheric vertical level in a GCM (varied from 300 m to 1 km) to calculate the total distance traveled through a grid box. These distances vary from 4 km for the lowest altitudes and steepest slopes to 58 km for higher altitudes and shallower climbs. If we approximate the minimum resolvable wavelength of a numerical model to be four times the model grid spacing, then the effective model resolution is anywhere in the range of approximately 20-230 km. Eight-three percent of the identified plumes (62% of the mass) are smaller or of similar magnitude to this range.
Autocorrelation Analysis
[18] To relate this work to previous attempts to quantify aerosol scales of variability, autocorrelation analysis is performed on the unsmoothed data from each HIPPO mission, in a manner similar to Anderson et al. [2003] . Figure 3 shows the average daily spatial autocorrelation for each HIPPO campaign as a function of lag (in kilometers). The autocorrelation functions were derived from the power spectral density distributions using the Wiener-Khinchin theorem. The autocorrelation of all three missions drops off rapidly, with HIPPO1 reaching a plateau of nearly zero correlation at a lag of 85 km and HIPPO2 and HIPPO3 reaching a near-zero plateau at 155 km, after which the three curves become rather noisy. This signifies that most of the BC variability exists at scales below 85-155 km. These scales are of similar magnitude to the along-track scales of the HIPPO plumes, suggesting that a large degree of BC variability is accounted for in these plume structures. Anderson et al. [2003] found a similar range of scales for the variability of aerosol optical depth (40-160 km). Their analysis included spaceborne lidar data and aircraft data from level segments of flight legs, ensuring that their measured scales of variability represent strictly horizontal scales. Because of the nature of the HIPPO flights, the data is unable to be separated into horizontal and vertical components; however, the agreement between HIPPO scales of variability and those determined by Anderson et al. [2003] suggests that the HIPPO scales have a substantial horizontal component.
Summary and Implications
[19] In this study, we quantify the scales of variability of BC plumes identified during the first three missions of the HIPPO aircraft campaign, and determine how these scales relate to current GCM resolutions used in climate modeling simulations. A total of 100 plumes were identified during the campaign. These plumes represent a large portion (57%) of the total mass of BC measured during the campaign, confirming that these plumes represent important features of BC in the atmosphere. The plume statistics show that the median plume scale is 113 km. A plume compositing technique, which reflects the high number of small-scale plumes, reveals that a typical BC plume has a Gaussian shape and a scale of approximately 80 km. From these two analyses, we can infer that a typical BC plume scale is in the range of 80-110 km. Autocorrelation analysis reveals that most of BC's variability occurs on scales smaller than 85-155 km, which is similar in magnitude to previous studies of aerosol horizontal variability. This range of total BC variability overlaps considerably with the range of BC plume scales, suggesting that most of the BC variability can be accounted for by these plume structures.
[20] Comparing the along-flight-track scale to an 'effective model resolution', we are able to show that most of the plumes exist on scales that are smaller or of similar magnitude to the effective model resolution, which ranges from 20 km for low altitudes and steep ascents to 230 km for high altitudes and shallower ascents. Large-scale plumes (>230 km) and plumes located at low altitudes with significant vertical structure are likely resolvable by a typical GCM; however, plumes representing horizontal features at these scales are too small to be captured by GCMs running at climate modeling resolutions. The agreement between HIPPO scales of variability and previous calculations of horizontal aerosol variability, suggests that the HIPPO plumes have a significant horizontal component. Although the identified plume scales are roughly half the size of GCM resolutions, the capabilities of GCMs are rapidly increasing, and running climate model simulations at twice the resolution will likely be possible in the near future. Because BC plumes represent a large portion of total BC in the atmosphere and account for a large degree of its variability, it is crucial for aerosol models to capture these features in order to accurately describe BC's effect on radiative forcing and the climate. [22] The Editor thanks two anonymous reviewers for assisting in the evaluation of this paper.
